Introduction
============

Acute kidney injury (AKI) is a serious complication in critically ill patients treated in the intensive care unit (ICU) because of high mortality and economic conditions.^\[[@R1]--[@R3]\]^ Sepsis is the leading cause of AKI in the ICU, and approximately 45% to 70% of all AKI is associated with sepsis.^\[[@R4]--[@R6]\]^ Compared with patients with AKI without septic shock, patients with AKI and septic shock may have a different response to renal replacement therapy (RRT).^\[[@R7]\]^

The most common treatment of septic AKI is RRT when supportive therapy and the level of endogenous renal function is not sufficient to meet the patients' metabolic demands.^\[[@R8],[@R9]\]^ Many studies have focused on methods of RRT.^\[[@R10],[@R11]\]^ However, in the absence of complications, such as hyperkalemia, the appropriate time of initiation of RRT, and the key indicators affecting the recovery of renal function remain unclear. Recently, several conflicting results have been reported in studies comparing an early strategy with a delayed strategy for the initiation of RRT.^\[[@R12]\]^ Therefore, whether early initiation of RRT can promote renal function recovery and improve survival rate and whether there are risks of early RRT associated with renal function recovery in patients with septic AKI are still unknown.

Several studies determine "recovery" at hospital discharge.^\[[@R13],[@R14]\]^ The recent Acute Disease Quality Initiative conference suggests differentiating AKI from acute kidney disease (AKD) and chronic kidney disease (CKD), which may provide a framework for defining recovery in terms of time after the sentinel event.^\[[@R15]\]^ AKD was initially proposed to encompass any acute condition that impacts on long-term kidney function.^\[[@R16]\]^

Fluid overload at the initial time of RRT is a well-known predictor of patient survival.^\[[@R17]\]^ Some studies emphasized the association between the speed of fluid accumulation and ICU mortality.^\[[@R18]\]^ However, fluid overload has been mostly quantified as an arithmetical calculation, and it does not accurately reflect the actual liquid state of the body, especially the interstitial edema pressure and reflux resistance. Other studies have demonstrated that an increased central venous pressure (CVP) was associated with the development of AKI because a higher CVP is accompanied by microcirculation impairment and increased organ reflux resistance.^\[[@R19],[@R20]\]^ It is not clear whether early initiation of RRT for dehydration alone or to reduce CVP is conducive to the recovery of renal function.

Thus, this retrospective study examined the records of patients with septic AKI admitted to the department of critical care medicine of our hospital from May 2016 to February 2018. Baseline and 5-day clinical data for all enrolled patients were retrieved, and we investigated factors that may affect renal function recovery and the effect of different RRT treatment initiation schedules on patient mortality.

Methods
=======

Ethics approval
---------------

This study was approved by the Peking Union Medical College Hospital Ethics Committee (No. SK-411), and the need for informed consent was waived because the study was non-interventional and retrospective.

Patient selection
-----------------

Patients admitted to the department of critical care medicine of our hospital from May 2016 to February 2018 who had been diagnosed with septic AKI and who received RRT were consecutively selected for the study. Patients who were younger than 18 years old, who were pregnant women, or who had pre-existing CKD were excluded from the study. For the assessment of the effect of RRT on the recovery of renal function after acute renal injury, patients treated with RRT before ICU admission or who had been treated with RRT for non-renal indications or for end-stage renal failure on long-term dialysis were excluded. AKI caused by permanent occlusion or surgical lesion of the renal artery, glomerulonephritis, interstitial nephritis, vasculitis, post-renal obstruction, or hemolytic uremic syndrome or thrombotic thrombocytopenic purpura were excluded. We also excluded patients for prior kidney transplantation and excluded those who had undergone RRT for \<24 h or who had an ICU stay of \<72 h.

Definition of early and delayed initiation of RRT
-------------------------------------------------

AKI was diagnosed based on changes in the serum creatinine (Cr), urine output, or both. Cr measurements were performed at least once per day. Every patient had a urinary catheter, and urine output was measured every hour. The early initiation of RRT was started within 12 h after the onset of AKI that was determined to be at the failure stage of the risk, injury, failure, loss, and end-stage kidney disease (RIFLE) classification. With the delayed initiation, RRT was initiated after a delay of 48 h if renal function did not spontaneously recover and if no condition meeting the criteria for emergency RRT developed.^\[[@R21]\]^ The failure stage of the RIFLE classification is characterized as follows: oliguria (urine output \<0.3 mL per kilogram of body weight per hour for ≥24 h), anuria for 12 h or more, or a serum Cr level three times the baseline level (or ≥4 mg per decilitre \[≥350 μmol per litre\] accompanied by a rapid increase of ≥0.5 mg per decilitre \[≥44 μmol per litre\]).^\[[@R22]\]^

RRT procedure
-------------

RRT was performed with the Baxter system in the ICU. Bicarbonate-buffered solution was used with a replacement fluid amounting to 30 to 40 mL/kg per hour, with a blood flow rate of 150 to 200 mL/min. Heparin or low-molecular-weight heparin was used as an anticoagulant in the treatment modalities. The dosage of heparin or low-molecular-weight heparin was regulated according to the patient\'s blood coagulation state. Changes in blood and replacement fluid flow rates and dialysate composition, as well as type of anticoagulant, were dictated by the patients' clinical condition. According to the standard requirements of our department, the CVP level of patients in RRT is maintained at the lowest possible level within the allowable range, and RRT was discontinued if renal recovery defined by urine output (\>400 mL/24 h without and 1000 mL/24 h with diuretic treatment) and Cr clearance (\>20 mL/min) occurred.

Data collection
---------------

Baseline data and biochemical parameters measured over 5 days after ICU admission were collected, including age, gender, infection site, complications potentially related to AKI (such as hypertension, diabetes, coronary heart disease), use and/or change in doses of vasopressor drugs, duration of mechanical ventilation, duration of RRT, Cr, daily urine output, fluid balance in the first 5 days after initiation of RRT, ICU length of stay, hospital length of stay, and mortality at 90 days. In addition, clinical parameters and severity scores, such as CVP, mean arterial pressure (MAP), diastolic blood pressure (DAP), mean perfusion pressure, diastolic perfusion pressure (DPP), Acute Physiology and Chronic Health Evaluation II (APACHE II) scores, and sequential organ failure assessment (SOFA) scores, were also collected.

Outcome measures
----------------

Despite many limitations, the most obvious definition of complete recovery from AKI is the absence of AKI criteria. Partial recovery can then be defined as a decrease in AKI stage.^\[[@R23]\]^ Kidney function is defined as non-recovery when patients need intermittent hemodialysis. Therefore, the recovery of renal function was divided into three categories: complete recovery, partial recovery, and non-recovery, and we evaluated renal function recovery at discharge.

Statistical analysis
--------------------

The unreasonable values, such as abnormal outliers, were considered missing values. The results are expressed as the mean standard deviation for normal data or median (interquartile range) for non-normal data. The *χ*^2^ test was used for qualitative data, one-way analysis of variance was used for normal quantitative data, and the Mann-Whitney *U* test or Kruskal-Wallis *H* test was used for non-normal quantitative data to determine differences between groups. Ordinal polytomous logistic regression was used to analyze the relationship between factors and outcomes. A value of *P* \< 0.05 was considered statistically significant. Statistical analyses were performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).

Results
=======

General characteristics
-----------------------

A total of 141 patients with septic AKI were enrolled: 57 patients were in the early initiation group, and 84 were in the delayed initiation group. A flow chart is shown in Figure [1](#F1){ref-type="fig"}. In general, the main infection sites were the lungs (20.9%), blood (20.6%), abdominal cavity (9.9%), soft tissue (4.8%), and other sites (29.9%, such as in the urinary system, bone marrow, and intracranial tissue). Gram-negative bacteria (48.7%) were the most common organisms. There was no statistically significant difference in infection site between the two groups (*P* = 0.563). Parameters such as age, gender, body mass index, basic disease (such as hypertension, coronary heart disease, and diabetes), APACHE II score, SOFA score, and the application of vasoactive drugs or extracorporeal membrane oxygenation were not different between the two groups (*P* \> 0.05). The patients' demographic and clinical characteristics are shown in Table [1](#T1){ref-type="table"}.

![The flowchart of this study on patients with septic acute kidney injury. CVP: Central venous pressure; RRT: Renal replacement therapy.](cm9-132-1328-g001){#F1}

###### 

Baseline clinical and biological data of patients who received RRT.

![](cm9-132-1328-g002)

There were differences in the duration of mechanical ventilation among the two groups (6 *vs.* 9 days, *P* = 0.024) \[Table [1](#T1){ref-type="table"}\], and the total RRT time was significantly different between the two groups (P \< 0.001). However, the ICU retention time and hospitalization time were not different between the two groups (14 *vs.* 16 days, *P* = 0.236; 26 *vs.* 28 days, *P* = 0.762, respectively). Cr and blood urea nitrogen (BUN) levels were different at the start of RRT between the two groups. There were no differences between the two groups in mortality at discharge. However, renal function recovery between the two groups showed significant differences.

Patients were divided into three groups according to the recovery of renal function, and we analyzed the factors that may affect renal function recovery. Our study found that there was no significant differences in Cr, BUN, MAP, or DAP at the initiation of RRT (*P* \> 0.05). However, the early or delayed strategy of RRT was different between different groups, and the level of CVP, DPP, and fluid balance was different between those groups. At the same time, we did not find any difference in the venous-to-arterial carbon dioxide (Pv-aCO~2~) or ScvO~2~ of different groups, which means that the cardiac function of those patients was not a factor affecting renal function in any of the three groups \[Table [2](#T2){ref-type="table"}\].

###### 

Baseline clinical and biological data of patients with different renal function recovery.

![](cm9-132-1328-g003)

When we evaluated the CVP levels in different renal function recovery conditions, we found that in those patients who received early initiation RRT, CVP decreased significantly and correlated with rapid renal function recovery at discharge (*P* \< 0.05) \[Figure [2](#F2){ref-type="fig"}\].

![Relationship between renal function recovery and CVP. (A) Relationship between renal function recovery and CVP in patients who received early initiation of RRT; (B) Relationship between renal function recovery and CVP in patients who received delayed initiation RRT. CVP: Central venous pressure; RRT: Renal replacement therapy.](cm9-132-1328-g004){#F2}

We conducted an ordinal polytomous logistic regression analysis of the factors that may affect the recovery of renal function, and we found that early strategy of RRT and a decline of CVP can promote the recovery of renal function (*P* = 0.031, *P* = 0.001; respectively) \[Table [3](#T3){ref-type="table"}\].

###### 

Ordinal ploytomous logistic regression analysis for possible risk factors for renal function recovery.

![](cm9-132-1328-g005)

Discussion
==========

This study indicated that in patients with septic AKI, early initiation RRT for fluid management improved the recovery of kidney function. In addition, the recovery of renal function was correlated with the decrease of CVP level, this effect was more prominent in patients who received early initiation RRT.

The timing of initiation of RRT depends on numerous factors and is, therefore, a complex process.^\[[@R24]\]^ Some previous studies suggested that a survival advantage is associated with early RRT.^\[[@R25],[@R26]\]^ Recently, two randomized, controlled studies explored this question, but they came to the opposite conclusion.^\[[@R12],[@R27]\]^ Our trial found no significant difference in mortality at 28 days between the early initiation renal replacement group and the delayed strategy group; this result is consistent with previous reports.^\[[@R27]\]^ Although there was no difference in mortality between the two groups, we found some notable differences in clinical outcomes that merit further discussion. First, we found that delayed initiation of RRT was generally associated with a longer duration of RRT support and mechanical ventilation time. Second, we found that delayed initiation of RRT was associated with inferior renal recovery and a higher rate of dialysis dependence at hospital discharge.

The cause of kidney injury is not only the toxic effect of Cr and BUN but also the damaging effect of a high level of CVP and fluid overload on the kidney with a long duration.^\[[@R28]\]^ The pathophysiology of congestive renal failure includes reduced transglomerular pressure, elevated renal interstitial pressure, and enhanced proinflammatory pathways.^\[[@R29]\]^ Earlier initiation of dialysis in AKI might improve the control of acid-base status and the removal of toxins; these changes can reduce the burden on the kidneys, thereby preventing further deterioration of renal function.^\[[@R30]\]^ The effect of fluid management and CVP on the recovery of renal function in RRT treatment is still unclear.

In this study, we compared patients with different levels of recovery of renal function and found that the recovery of renal function was correlated with the initiation of RRT, CVP levels, liquid equilibrium state, and DPP levels. Further regression analysis of these factors showed that the main factors affecting the recovery of renal function were the initiation of RRT and the levels of CVP. The liquid equilibrium state was statistically insignificant in the regression analysis; a possible explanation for this phenomenon is that the liquid overload state in patients is not positively correlated with CVP and that the backward resistance of the systemic circulation may be more important than the overall liquid balance state in patients with AKI.^\[[@R31]\]^

Previous studies have found that the baseline CVP of patients with AKI is higher than that of patients without AKI.^\[[@R19]\]^ Damman *et al*^\[[@R32]\]^ confirmed that CVP affected kidney function not only in patients with heart failure but also in patients with normal heart function. Our study found that the CVP levels of patients with rapid renal function recovery were lower than those whose kidney function recovered more gradually; this phenomenon was more obvious in patients who received early-initiation RRT. More importantly, when different renal function recovery situations were compared, there were no differences in other factors such as the Pv-aCO~2~ and ScvO~2~, suggesting that there is no significant difference in heart function between patients with different kidney function recovery. These results fully demonstrated that early application of RRT to reduce CVP was crucial for renal function recovery.

Maintaining optimal blood pressure is an important aspect of preventing AKI, especially for vasopressor-dependent patients.^\[[@R33]\]^ MAP is widely used as an index for the optimal blood pressure.^\[[@R34]\]^ However, a recent observational study revealed that lower DAP and higher CVP were associated with septic AKI, while MAP was not.^\[[@R35]\]^ Another observational study reported that decreased MAP was not associated with AKI, suggesting that only DPP and CVP may be associated with septic AKI.^\[[@R36]\]^ Our study confirmed that high CVP and low DPP were important factors affecting renal function recovery. At the same time, it is more likely that different levels of CVP lead to different DPP. Therefore, high CVP is the most important factor affecting renal perfusion pressure.

There were several limitations to this study. First, this was a retrospective study, and the number of patients was small, which was likely to introduce bias. Second, various factors, such as positive end-expiratory pressure was not investigated. Third, the lack of long-term renal function indicators and the speed of renal function recovery may have an impact on long-term renal function and quality of life. Additional studies are required to investigate the effect of different treatment strategies on long-term renal function.

In conclusion, our study confirmes that early initiation RRT for fluid management to reduce CVP levels is conducive to the recovery of renal function in patients with sepsis kidney injury compared with the delayed-initiation RRT strategy.
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